INTRODUCTION
With high speed development of our national economy, the highway was constructed on large-scale all around the country. Along the freeway in mountain area, many tunnels had to be constructed. The groundwater can cause a significant threat to the safety of the tunnels when excavating in water-rich areas [1] [2] [3] . The poor drainage management in the constructions has resulted in considerable depletion of the groundwater table, damaged soils and deterioration in the water resource in many regions [4] . As a ground improvement technique, grouting reinforcement is required to guarantee safe tunnel excavation and reduce the water discharge [5] .
The important issues in the construction of the tunnels in water-rich regions are the designs of the lining and the grouting region parameters. According to groundwater control methodology, tunnels under groundwater table can be designed to either be sealed or drained. The lining of sealed tunnels is designed to withstand full hydrostatic pressures as well as the pressures generated by the ground, and the grouting rim cannot share the water pressure acting on the lining, whereas seepage forces are taken into account in the design of the lining of drained tunnels. In this case, estimations of the seepage force acting on the lining must be considered; the design of the grouting reinforcement coefficient is also important [6] [7] [8] .
Usually two approaches, numerical methods and analytical methods, are used to estimate the seepage force acting on the lining in a drained tunnel. Yang et al. [9] presented an analytical solution for the anisotropic steady seepage of the circular tunnel based on the coordinate transformation method. Wang et al. [10] researched an analytical-numerical method for the hydraulic pressure of the deep buried tunnel. In-Mo Lee et al. [11] calculated studied the water pressure acting on the lining of the shallow buried tunnel based on the numerical method. A. Bobet [12] studied the effect of water pressure on tunnel lining during seismic loading. For deep tunnels, Atkinson and Mair [13] mentioned that, using an elastic approach, loads on the tunnel linings are the same, considering impermeable or fully-drained lining. For shallow tunnels, Schweiger et al. [14] and Lee and Nam [15] obtained less stresses in the linings with the consideration of the seepage force. Schweiger et al. [14] showed that the lining stresses in drained condition were about 75% of the value obtained when the full hydrostatic pressure is applied. By applying the drained condition at the tunnel invert only, Bilfinger [16] mentioned the possibility of significant reductions in lining loads due to the water level. InMo Lee et al. [5] evaluated the face stability in an underwater tunnel with steel pipereinforced multi-step grouting by taking seepage forces into account. LIN et al. [17] presented a forecast method of groundwater discharge in complex karst areas.
This study consists of two parts. First, the analytical solutions of the seepage flow and hydraulic pressure for the steady-state pore water pressure in a drained circular tunnel are performed. The second part focuses on the effect of grouting reinforcement on seepage force and groundwater discharge by an example.
THE DISTRIBUTION LAW OF HYDRAULIC SEEPAGE PRESSURE
In this method, it is assumed that: (1) the seepage flow is radial stable and isotropic; (2) the cross-section of the tunnel is circular. Figure 2 . The radial component of the groundwater flow affects most of the displacement of tunnel wall, and the seepage forces could be estimated in both of radial and non-radial flows by using radial component hydraulic gradient. So the radial component of hydraulic gradient was used to reflect the seepage effect. The whole distribution of hydraulic pressure as shown in Figure 3 , and r 0 , r 1 , r 2 , r 3 are the inner radius of lining, primary support, reinforced rim and surrounding rocks, respectively. R is the radius of study area. The corresponding water forces are P 1 , P 2 , P 3 and the crude seepage field force P i .
For drained tunnels, it is assumed that the seepage potential only caused by the change of seepage pressure, so the hydraulic head φ can be given as follows:
P w is the seepage pressure, and γ is the unit weight of water. In order to solve equation (2), two boundary conditions are needed: the water pressure at the inner wall of the lining is 0, and the crude seepage field pressure P i must be known.
According to the boundary condition and the seepage velocity continuity conditions, and calculating in each part, the hydraulic pressure in each part can be obtained as follows: 4 are the permeability coefficients of the lining, primary support, reinforced region and surrounding rocks, respectively. This formula is not only suitable for a circular tunnel, but also suitable for a tunnel with an arc shape.
If the tunnel is without grouting reinforcement rim, the distribution law of the hydraulic forces can be written as: Where, 
CALCULATION OF THE SEEPAGE DISCHARGE
According to the Darcy Law, the seepage discharge Q can be calculated by:
When the tunnel is under construction
Without any reinforcement measures, the seepage discharge of unsupported and unlined tunnel in unit length can be calculated by: 
Similarly, when the primary support and reinforcement rim had been built, the seepage discharge of tunnel without lining in unit length can be got as:
When the tunnel is in service
When the secondary lining, primary support and reinforcement rim had been built completely, the seepage discharge through the secondary lining can be calculated according to the equations (3) and (6) . 
If the tunnel is without reinforcement rim, the seepage flow through the secondary lining can be obtained as follows. 
In fact, water is not outflow through the lining because of the waterproof board behind the lining. It is discharged through the drainage system behind the waterproof board. In order to calculate simply, the effect of the drainage system is often generalized as the permeability of the lining.
How to determine the equitable permeability of the secondary lining is a key problem. The water plugging effect of secondary lining can be expressed by the coefficient β.
Equations (9), (10) and (12) lead to the Equation (13) as follows: According to the detection data of water discharge before and after secondary lining have been built, the coefficient β can be got by the equation (12) . Then, the equitable permeability coefficient of the secondary lining can be obtained on the basis of the equation (13).
APPLICATION IN THE FANGDOUSHAN TUNNEL
The Fangdoushan extra-long tunnel is located in Shanghai-Chengdu highway, with a total length of approximately 7600 meters. The surrounding rocks in K58+630~K58+730 is weak mudstone, and the lining section of the tunnel as shown in Figure 4 . The thickness of the grouting reinforcement rim is 6 meters, and the grouting material is cement-sodium silicate dual fluid. The study object is the upper semi-circle lining and the relevant primary support, reinforced region, surrounding rocks in K58+630~K58+730. According to the investigation data, the inner radius and permeability coefficients of each part as depicted in Table 1 , and the crude seepage field pressure is P i =300kPa beyond the radius R =60 meters. The monitoring data of seepage discharge in different period as listed in Table 2 . According to the Table 2 , the coefficient β can be got by the equation (12). 47 .6 0   Then, the equitable permeability coefficient of the secondary lining can be obtained by the equation (13) .
According to the equations (3) and (10), the hydraulic pressure acting on the secondary lining and the seepage discharge through the lining can be calculated as follows:
If the tunnel is without reinforcement rim, the hydraulic pressure acting on the lining and the seepage flow could be calculated as follows based on the equations (4) and (11) . The actual seepage discharge of the unlined and unsupported tunnel in unit length can be got from the monitoring data in Table 2 . 

The calculated value is close to the actual value, and the relative error between them is: % 26 . 5   Therefore, this method is useful to similar projects. The distribution laws of the hydraulic pressure in the primary support, reinforcement rim and surrounding rocks as shown in Figure 5 . By analyzing the results and Figure 5 , the reduction factors of water pressure acting on the lining are about 0.25 (when the tunnel is with grouting reinforcement rim) and 0.64 (when the tunnel is without grouting reinforcement rim) compared to the crude seepage field pressure. Because of the grouting reinforcement rim, both the water pressure acting on the lining and the seepage discharge reduced by about 60.5%.
The relation curves of P 1 -h and Q 1 -h are shown as the Figure 5 . Where, λ is the ratio of the permeability coefficient of the surrounding rocks to that of the reinforcement rim, λ=k 4 /k 3 ; h is the thickness of the grouting reinforcement rim; P 1 is the hydraulic pressure acting on the secondary lining, and Q 1 is the seepage discharge.
(a) The relation curve of P 1 -h (b) The relation curve of Q 1 -h Figure 6 . The relation curves of P 1 -h and Q 1 -h According to the Figure 6 , with the increase of λ and h, P 1 and Q 1 decreased sharply at the beginning. But the reduced speed get slow soon when λ and h reach certain values. It has no obvious effect to decrease the water pressure acting on the lining and the seepage discharge by reducing the permeability coefficient or increasing the thickness of the reinforced rim under this condition. Especially, when λ>2000 and h>8, the P 1 and Q 1 keep stable regardless of whether the changes of the reinforcement parameters are taken.
DISCUSSION AND CONCLUSIONS
By the previous analysis, an analytical method was proposed to study the effect of reinforcement rim on groundwater seepage, and brought the following results:
(1) The analytical solutions of the seepage discharge and the distributions of the hydraulic forces for the steady-state pore water pressure in a drained circular tunnel are obtained.
(2) According to the example, both the water pressure acting on the lining and the seepage discharge reduced by about 60.5% because of the grouting reinforcement rim. Comparing the calculated and actual seepage discharge of the unlined tunnel, it illustrates that this method is suitable for the similar projects.
(3) On the basis of the Figure 6 , the water pressure acting on the lining and the water flow decreased sharply at the beginning by reducing the permeability coefficient and increasing the thickness of the reinforcement rim. Then, the reduced trend get slow soon when the permeability coefficient and the thickness of the reinforcement rim reach to certain values. Therefore, taking economic benefits into account, the changes of the reinforcement parameters cannot be taken blindly to decrease the hydraulic pressure and the water discharge. The optimal analysis of the actual conditions should be carried out to determine the reinforcement parameters in practical engineering.
